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Abstract: Gravel barriers represent physiographic, hydrographic, sedimentary, and ecological 
boundaries between inshore and open marine offshore environments, where they provide numer-
ous important functions. The morphosedimentary features of gravel barriers (e.g., steep, energy re-
flective form) have led to their characterization as effective coastal defense features during extreme 
hydrodynamic conditions. Consequently, gravel barriers have often been intensively managed to 
enhance coastal defense functions. The Blakeney Point Barrier System (BPBS), U.K., is one such ex-
ample, which offers the opportunity to investigate the impact of alternative management regimes 
under extreme hydrodynamic conditions. The BPBS was actively re-profiled along its eastern sec-
tion from the 1950s to the winter of 2005, whilst undergoing no active intervention along its western 
section. Combining an analysis of remotely sensed elevation datasets with numerical storm surge 
modeling, this paper finds that interventionist management introduces systemic differences in bar-
rier morphological characteristics. Overly steepened barrier sections experience greater wave run-
up extents during storm surge conditions, leading to more extreme morphological changes and 
landward barrier retreat. Furthermore, while high, steep barriers can be highly effective at prevent-
ing landward flooding, in cases where overwashing does occur, the resultant landward overtopping 
volume is typically higher than would be the case for a relatively lower crested barrier with a lower 
angled seaward slope. There is a growing preference within coastal risk management for less inter-
ventionist management regimes, incorporating natural processes. However, restoring natural pro-
cesses does not immediately or inevitably result in a reduction in coastal risk. This paper contributes 
practical insights regarding the time taken for a previously managed barrier to relax to a more nat-
ural state, intermediary morphological states, and associated landward water flows during extreme 
events, all of which should be considered if gravel barriers are to be usefully integrated into broader 
risk management strategies. 




Coastal barriers represent physiographic, hydrographic, sedimentary, and ecological 
boundaries between inshore and open marine offshore environments [1,2]. They provide 
a number of important functions, including: sites of human settlement [3,4]; controlling 
salinity gradients and wave/current energy, even under storm conditions [5–7]; maintain-
ing sediment transport pathways [8]; and sheltering ecological habitats [9]. 
The ability of pure gravel and mixed sand–gravel barriers (hereafter, ‘gravel barri-
ers’) to perform varied and valuable functions derives partly from their morphosedimen-
tary characteristics [10–12]. The relatively steep, energy-reflective beach face, high ridge 
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and coarse clastic composition generally precludes substantial changes to profile mor-
phology even under relatively high energy conditions [13]. 
The long term (millennial to centennial) persistence of gravel barriers, is regulated by 
sediment supply, relative sea level rise, and geological frameworks [14,15]. These barriers 
have been observed to respond to multi-decadal sea level rise through landward migra-
tion whilst maintaining their essential form [16]. 
Imposed atop the baseline sea level, it is infrequent storm events that drive landward 
migration of these landforms [17–19]. Under these conditions, landward migration occurs 
because extreme hydrodynamic events, such as storm surges, are capable of overcoming 
morphodynamic thresholds (e.g., wave run-up relative to barrier crest height) not reached 
under more moderate forcing conditions [20–22]. Threshold exceedance may result in 
rapid reorganization of the gravel barrier system as it tends towards a new equilibrium in 
response to high energy forcing conditions. A spectrum of extreme event responses has 
been categorized, ranging from minimal change to breaching (Table 1). 
Table 1. Hydrodynamic and associated morphological responses of gravel barriers (based on ref [23]). 





Stable Minimal change Stable Stable 
Overtopping Barrier crest accretion Stable Heightening 
Discrete overwash Some crest displacement (washover) Landward (rollover) Lowering 
Sluicing overwash 
Complete crest displacement 
(severe washover) 
Landward (rollover) Lowering 
Inundation Crest breakdown (breaching) Crest removed Lowering 
Limited change during low and moderate energy conditions, combined with resilient 
responses to extreme hydrodynamic events, has led to the characterization of gravel bar-
riers as effective coastal defense features [24]. Common management strategies include 
the use of gravel barriers to shield eroding sandy beaches [25] and the conversion of hard 
defenses to gravel-based alternatives [26,27]. In the past, these gravel structures have been 
intensively managed; for example, through re-profiling of the barrier crest to maintain a 
specified cross-shore position and elevation [28,29], nourishment schemes [30], and the 
installation of hard engineered structures such as groins or riprap [31]. 
Estimates for the capital and maintenance costs of gravel barrier management 
schemes are not readily available. However, it is generally the case that interventionist 
management carries higher cost implications than non-interventionist alternatives [32]. 
The high costs associated with interventionist management schemes have been justified 
using “classic” cost-benefit analyses which quantify direct damaged avoided, or in some 
cases, “enhanced” cost-benefit analyses which account for broader economic and environ-
mental impacts [33]. Among the advantages of holistic approaches to scheme appraisal 
include the ability to capture a greater diversity of costs, benefits, and coastal system func-
tions [34]. 
Furthermore, and partly as a result of the high cost associated with interventionist 
management, there is a growing preference within coastal risk management for less inter-
ventionist management regimes, incorporating natural processes [35–38]. The proposed 
benefits include an inherent ability to self-repair and recover from external disturbances 
such as storm damage [39], an ability to provide a multiplicity of benefits [40], and sus-
tainability under uncertain future environmental conditions [41,42]. Accordingly, many 
gravel beaches and barriers have been allowed to relax towards a more natural state (e.g., 
Medmerry, south coast, U.K. [43]; Porlock, south-west coast, U.K. [44]; Sillon de Talbert, 
north-west coast, France [45]). In these cases, barriers have undergone relatively dramatic 
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changes (landward rollover, crest lowering, and inlet widening) in the period following 
cessation of active management. 
There remains, however, substantial uncertainty regarding the way in which gravel 
barrier landforms will respond to extreme hydrodynamic events in light of sudden man-
agement regime changes [46,47]. Constraining the likely response of gravel barrier land-
forms under such conditions is a priority given the momentum behind less interventionist 
coastal management approaches, and the likelihood that gravel barriers will increasingly 
be permitted to respond more naturally to environmental forcing conditions. Under these 
alternative management priorities, research is needed to establish whether certain mor-
phologies emerge as more vulnerable to increased run-up extents and consequent mor-
phological and flooding impacts. 
In this paper, we therefore address three key research questions: 
1) How does an interventionist regime impact on gravel barrier morphology compared 
to an unmanaged state? 
2) To what extent do morphological differences between the managed and unmanaged 
barrier sections alter barrier responses to extreme hydrodynamic events? 
3) Where differences in barrier morphology alter responses to storm events, what are the 
implications for landward overtopping water volume? 
These questions are investigated over the period 2005–2014 through reference to the 
Blakeney Point Barrier System (BPBS), a barrier beach and spit complex located on the 
North Norfolk coast, U.K. (Figure 1a,b). 
2. Regional Setting and Study Location 
The North Norfolk coast experiences a macro-tidal, semi-diurnal tidal regime, with 
the mean spring tidal range falling from 6.4 m at Hunstanton to 4.7 m at Cromer [48]. 
Under typical conditions, the wind climate is predominantly south-south westerly, with 
wind speeds rarely exceeding 16 m s−1. This results in a moderate wave climate, as rec-
orded at the Cley-next-the-Sea (hereafter, Cley) wave buoy (7 m water depth, 400 m off-
shore; Figure 1b) where the annual mean significant wave height has varied between 0.55–
0.72 m over the period November 2006–November 2009 [49]. During the same period, 
offshore mean significant wave heights at the Blakeney Overfalls wave buoy (25 m water 
depth, 10.5 km offshore; Figure 1b) were 0.8–1.0 m [49]. 
The Blakeney Point Barrier System (BPBS) begins where the Cley–Salthouse barrier 
departs the mainland at Kelling Hard at an angle of 16 degrees [50] and extends west-
wards for approximately 6 km, terminating offshore between the villages of Stiffkey and 
Morston (Figure 1c [51]). Initially, to the east, the BPBS is backed by brackish, freshwater, 
and grazing marsh, but further west the Blakeney Channel inlet exposes the back-barrier 
area to tidal influence. In places to the east, the marshes incorporate low hills, or “eyes”, 
formed of sediments from the last (Devensian) glaciation, most notably at Gramborough 
Hill, against which barrier gravels are now banked. Beach and aeolian sand deposition 
gives the terminus of the barrier (referred to as Blakeney Point) a different character from 
the mixed sand–gravel Cley–Salthouse barrier to the east [52]. 
Today, the BPBS can be broadly divided into two sections according to the different 
management interventions (Figure 1c). To the east of Cley, the barrier was actively re-
profiled from the 1950s to maintain the crest height at 8–9 m Ordnance Datum Newlyn 
(ODN, where 0.0 m ODN approximates to the mean sea level) [29]. Barrier crest re-profil-
ing was terminated after the winter of 2005, allowing the barrier to respond more natu-
rally to hydrodynamic forcing conditions. To the west of Cley, the barrier has remained 
unmanaged at all times; it is characterized by a crest height of 5–6 m ODN [29]. 
Presently, the BPBS provides flood protection to the landward communities of Salt-
house (0.65 km landward of the barrier crest), Cley (1.0 km), Blakeney (1.7 km), and 
Morston (2.4 km). This protection is important for these communities during relatively 
infrequent storm surge events. In the period 1883–2014, twenty-one surge events were 
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identified as having substantial societal impacts [53]. Along the Cley–Salthouse barrier, 
the elevated water levels and energetic wave conditions associated with storm events 
have frequently resulted in gravel barrier overwashing. Such behavior was observed fol-
lowing storm surges during the winter of 1910–1911 [51,54], on September 14, 1916 [55], 
December 31, 1921 [56], January 31–February 1, 1953 [57,58], January 11, 1978 [59,60], Jan-
uary 1, 1995, and February 19, 1996 [53]. The most extreme morphological response to 
storm surges exhibited at the BPBS is barrier breaching. The Cley–Salthouse barrier is vul-
nerable to breaching; this behavior was documented following surge events in 1897, 1938, 
1949, 1953, 1978 and 2013 [58,61]. 
On December 5, 2013, during the stormiest winter in a 143-year record for the British 
Isles [62], the BPBS was impacted by a storm surge event that has been characterized else-
where as the most severe to affect the east coast of the U.K. in the past 60 years [61]. The 
surge residual recorded at Immingham tide gauge was 1.97 m (the closest gauge at 
Cromer failed during the event itself) and peak wave heights of 3.8 m were recorded at 
the Blakeney Overfalls wave buoy. In addition to extensive washover deposition, the De-
cember 5, 2013 event resulted in two breaches along the Cley–Salthouse barrier. The 
breaches occurred directly opposite Salthouse, and approximately 1 km to the west, sea-
ward of the Blakeney Freshes reedbeds at Cley (Figure 1c); each was just under 100 m 
wide. Following the event, both breaches were sealed by January 24, 2014, most likely the 
result of strong, persistent easterly winds and associated longshore sediment transport 
[61]. 
 
Figure 1. The Blakeney Point Barrier System: (a) U.K. east coast showing TELEMAC-2D and SWAN model domains, CS3X 
input nodes and Cromer tide gauge; (b) the North Norfolk coast showing Blakeney Overfalls and Cley wave buoys; (c) 
the Blakeney Point Barrier System (BPBS) with indicative management regime zones, habitat types, coastal defense struc-
tures, road network, and settlements. Grey shore–normal transects indicate sampled cross-shore profiles which were used 
to determine selection of representative profiles for XBeach-G modeling (indicated as black shore-normal transects). The 
two December 5, 2013 breaches occurred to the east of profile 13 and profile 15. 
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3. Datasets and Modeling Approach 
The Blakeney Point Barrier System was selected for this study given observed mor-
phological changes following recent storm surge events, and the presence of two alterna-
tive management regimes. Each section of the BPBS is characterized by similar basement 
geology, sediment composition, and vegetation communities. Accordingly, the methods 
described below focus on distinguishing the influence of differing management regimes 
during the December 2013 storm surge event. 
We began by analyzing representative cross-shore profiles, extracted from LiDAR 
datasets, to examine the impact of extreme hydrodynamic conditions on gravel beach 
morphology. We then performed numerical modeling to quantify the relationship be-
tween barrier morphological change and landward overtopping volume. 
3.1. Analysis of Representative Cross-Shore Profiles from LiDAR 
LiDAR DTMs (Digital Terrain Models) were collected by the U.K. Environment 
Agency 11 months prior to the December 2013 event (28/01/2013) and two months after 
the event (03/02/2014) and obtained from the Defra Data Service Platform [63]. Cross-
shore profiles were extracted from LiDAR DTMs along the BPBS frontage at an alongshore 
spacing of 100 m, giving a total of ninety profiles (Figure 1c). Profiles were categorized by 
management regime, crest elevation, and beach slope. Seaward beach slope was calcu-
lated at 0.25 m either side of the point where the Mean High Water Line (MHWL) inter-
sected with each profile. Representative profiles (7 unmanaged, profile IDs 1–7; and 12 
managed, profile IDs 8–19) were then selected using a matrix of these conditions (crest 
elevation interval of 1 m, beach slope interval of 2.5 degrees) (Figure 2). When selecting a 
single profile to represent each shaded square, an effort was made to achieve even spatial 
coverage along the BPBS frontage. Crest elevation was highly consistent in the unman-
aged section, with all the 39 sampled profiles falling within the shaded area (Figure 2a). 
Crest elevation and beach slope were more variable in the managed section of the spit, 
compared to the unmanaged section, necessitating a greater number of representative 
profiles. For the managed section, 86% of the 51 profiles were encompassed by the shaded 
area (Figure 2b). 
 
Figure 2. Scatter plots of crest height and seaward beach slope: (a) unmanaged profiles along the BPBS; (b) managed 
profiles along the BPBS. Shaded areas indicate the crest height and beach slope combinations chosen to ensure represen-
tation along the BPBS frontage. 
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The representative profiles were characterized by pre-surge crest height and cross-
sectional area (calculated as barrier cross-sectional area above the Mean High Water 
Spring (MHWS) datum, a two-dimensional equivalent to the concept of “inertia” dis-
cussed in ref [16]). To capture impacts resulting from the December 2013 storm surge, 
post-surge crest heights and morphological changes were also determined. 
3.2. Modeling Overtopping Volume and Morphological Change from the December 2013 Storm 
Surge 
To investigate hydrodynamic and morphological processes during the December 
2013 storm surge, a numerical model chain was devised, taking as its starting point an 
existing model chain developed for the North Norfolk coast (Figure 1a, Figure 3 [64]). 
Nearshore water level and wave modeling was undertaken to increase the accuracy of 
nearshore hydrodynamics, and to allow for spatial variations in these inputs arising from 
a complex nearshore bathymetry. Firstly, water levels were modeled over a regional scale 
(Figure 1a) using TELEMAC-2D (v7p1r0), part of the TELEMAC-MASCARET modeling 
suite [65]. Secondly, the water levels, wind conditions, and offshore waves were used to 
drive a nearshore wave model using SWAN (v41.20) (Figure 1a [66]). Finally, outputs from 
TELEMAC-2D and SWAN were used as boundary conditions for XBeach-G, a 1D, coupled 
hydrodynamic and morphodynamic model for investigating extreme event impacts at 
specific cross-shore points on gravel barriers [67,68]. 
 
Figure 3. Numerical modeling framework displaying flow of data from TELEMAC-2D to nested SWAN models to XBeach-
G outputs. 
The TELEMAC-2D model domain extended to approximately 50 km offshore of the 
BPBS and covered a total area of 4750 km2 (Figure 1a). An unstructured mesh was used to 
achieve efficient scaling from low resolution offshore inputs (ca. 12 km) to higher resolu-
tion at the coast (ca. 200 m). The mesh consisted of 5759 nodes and 10,704 elements. The 
onshore boundary was defined by the +7.5 m ODN contour. Using an onshore boundary 
further inland than the shoreline itself helped to avoid over-prediction of nearshore water 
levels [69]. 
Hourly water level and velocity input at the offshore boundary came from the U.K. 
National Oceanography Centre CS3X tidal surge model hindcast [70]. Temporally and 
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spatially variable wind field data were obtained from the U.K. Met Office Numerical 
Weather Prediction model [71]. Wind data were interpolated, using a linear interpolation, 
to create a continuous wind field dataset. Offshore bathymetry was obtained from the 
U.K. Hydrographic Office (UKHO [72]) and combined with coastal zone topography data 
[63,73] to produce an elevation and depth model for the southern North Sea. To harmo-
nize the bathymetric and topographic datasets, the UKHO Vertical Offshore Reference 
Frame (VORF) surface was used [74]. Once joined, the elevation data were interpolated 
using a linear interpolation to create a continuous dataset which was then mapped onto 
the TELEMAC-2D mesh. 
The TELEMAC-2D model was calibrated over a twelve-day period from 30/10/2007 
00:00:00 to 11/11/2007 00:00:00 (Figure 4). This period was chosen to coincide with a near-
shore wave and tidal monitoring campaign deployed over a three year period (2006–2009) 
by the Anglian Regional Monitoring Programme [49]. This ensured the availability of 
wave heights and free surface water elevations for calibration purposes. The twelve-day 
calibration period captured both calm pre-storm conditions and the November 8-11, 2007 
storm surge. This event was the most severe storm surge to impact the North Norfolk 
coast during the three year monitoring campaign, and has been described as a “near miss” 
in terms of coastal flooding impacts [53]. 
Model calibration was undertaken through a systemic variation of the law of bottom 
friction and associated friction coefficients, and the Smagorinsky turbulence model was 
chosen. Model skill was assessed through comparison to instrumented data from the U.K. 
National Tidal and Sea Level Facility [75] tide gauge at Cromer, 20 km east of the BPBS 
(Figure 1a), and a shallow water (7 m water depth, 400 m offshore) Acoustic Wave and 
Current (AWAC) buoy installed at Cley (Figure 1b) over the period 2007–2009 [49]. Cali-
bration runs were judged based on the root mean square error (RMSE; Equation 1) value 
for the entire twelve-day period. The Nikuradse law of bottom friction, with a friction 
coefficient of 0.0125, provided the lowest RMSE values of 0.34 m and 0.16 m at Cromer 
and Cley, respectively. 
 
Figure 4. Comparison of modeled and observed water levels for the period 30/10/2007 00:00:00 to 11/11/2007 00:00:00: (a) 
Cromer; (b) Cley. RMSE = 0.34 m at Cromer and 0.16 m at Cley. For locations, see Figure 1a,b. 
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For this modeling phase, successive SWAN grids were nested to provide higher ac-
curacy and increased computational efficiency. The larger grid covered 90 × 60 km with a 
resolution of 5 km while the smaller nested grid covered 32 × 22 km with a resolution of 
500 m (Figure 1a). The large SWAN model was forced by wave conditions from the Met 
Office WaveWatch III North Atlantic European model, which has a spatial resolution of 
approximately 12 km [76]. Water level and currents were inputted to the large SWAN 
model from TELEMAC-2D, while water level and currents from the large SWAN model 
were used as inputs to the small SWAN model using the SWAN nesting facility. Default 
values were used for the calculation of white-capping, the computation of quadruplets, 
triad interactions, wave setup, and dissipation by depth-induced wave breaking. 
     =  
∑ (        −         )     
 
 (1)
The SWAN model was calibrated for the same period as the TELEMAC-2D model 
(Figure 5). Outputs from SWAN were calibrated against wave observations recorded at 
15-minute intervals by the Blakeney Overfalls wave buoy and in the nearshore Cley 
AWAC buoy (Figure 1b). Outputs from the large computational grid were calibrated 
against the Blakeney Overfalls buoy, while the outputs of the small grid were calibrated 
against the Cley AWAC buoy. The Collins wave friction formula, with a coefficient of 0.03, 
provided the lowest RMSE values of 0.21 m at Blakeney Overfalls and 0.18 m at Cley. 
 
Figure 5. Comparison of modeled and observed significant wave heights for the period 30/10/2007 00:00:00 to 11/11/2007 
00:00:00: (a) Blakeney Overfalls; (b) Cley. RMSE = 0.21 m at Blakeney Overfalls and 0.18 m at Cley. For locations, see Figure 
1b. 
Ideally, the hydrodynamic modeling would have been both calibrated and validated 
for the December 2013 storm surge. However, this was not possible due to a lack of obser-
vational water level data due to damage to the Cromer tide gauge during the storm (Fig-
ure 6a). Despite this difficulty, similarities between the November 2007 and December 
2013 events confer confidence in the calibration undertaken here. 
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A water level comparison between the November 2007 and December 2013 events at 
the Immingham tide gauge (the closest gauge with a complete record for both events) 
shows maximum still water levels of 3.99 m ODN and 5.22 m ODN for the respective 
events (see ref [53], Table II). The corresponding maximum surge residual was 1.67 m and 
1.97 m for the November 2007 and December 2013 events, respectively. The duration of 
surge residual >1 m was 8.75 hours in November 2007 and 14 hours in December 2013. 
Wave characteristic comparisons were made at Blakeney Overfalls, revealing maximum 
wave height and direction of 3.5 m and 4° in November 2007, and 3.8 m and 338° in De-
cember 2013. Both events were high-magnitude and low-frequency, involving surge and 
wave combinations that caused infrastructural damage. 
The TELEMAC-2D and SWAN models were run for the December 2013 event to val-
idate the model performance. Data were available for this event from Blakeney Overfalls 
wave buoy, and from the Cromer tide gauge, though only for limited water levels, as ex-
plained above. Figure 6 shows the model performance for this event demonstrating good 
agreement with observed water levels (RMSE = 0.23 m), wave height (RMSE = 0.30 m) and 
wave period (RMSE = 2.5 s). 
 
Figure 6. Comparison of modeled and observed water levels and wave characteristics for the period 04/12/2013 15:00:00 
to 07/12/2013 12:00:00: (a) significant water levels at Cromer; (b) significant wave height at Blakeney Overfalls; (c) peak 
period at Blakeney Overfalls. RMSE = 0.23 m for water levels, 0.30 m for significant wave height, and 2.5 s for wave period. 
For locations, see Figure 1b. 
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In this application, XBeach-G was forced using water levels from the TELEMAC-2D 
model and wave spectra from the small SWAN grid. The representative transects were 
extended to the optimal offshore depth of approximately 20 m using a linear extrapola-
tion. A gradual increase in resolution from the offshore boundary (ca. 3 m) to the shore 
(0.5 m) ensured that waves were accurately resolved as they approached the shore. To 
obtain a representative D50 value, a large-scale gravel particle size analysis [77] was un-
dertaken along a cross-shore transect just to the west of representative profile 16 (Figure 
1c), resulting in D50 and D90 values of 0.019 m and 0.035 m, respectively. Photographs of 
the field site are presented in the Supplementary Material. 
The XBeach-G model was calibrated for the duration of the December 2013 storm 
surge, a period of 15 hours and 20 minutes between 05/12/2013 13:00:00 and 06/12/2013 
04:20:00. The calibration used the same cross-shore transect as for the particle size analysis. 
Model calibration was achieved by systematic variation of two parameters, within the 
recommended range for gravel environments [20,21]. The infiltration coefficient (kx) 
(0.001, 0.01, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7) and the Manning bed friction coefficient (bfc) 
(0.02, 0.024, 0.028, 0.032, 0.034) were systematically varied, resulting in a total of 45 cali-
bration runs [65]. Two parameters were used to inform an objective assessment of calibra-
tion parameter combinations: the Brier skill score (BSS, Equation 2), and the difference 
between observed and modeling post-storm crest height. The BSS incorporates the initial 
and observed profile change when assessing modeled morphological change. A BSS score 
of 1 indicates a perfect prediction. If the model prediction is further away from the final 
measured condition than the baseline prediction, the BSS is negative (Equation 1). Given 
that pre- and post-storm LiDAR data were only available for the subaerial portion of the 
barrier, only this section was used to assess model skill. 
    = 1 −
1
 
∑ (         −        )     
1
 
∑ (        −        )     
 (2)
The ability of the model to replicate the post-storm height of the barrier crest was 
used alongside the BSS, given the importance of barrier crest height in determining over-
washing and overtopping processes. Each calibration run was then ranked based on both 
the BSS and crest height difference. Ranks from each measure were multiplied (applying 
an equal weighting to BSS and crest height performance) together to obtain an overall 
rank for each calibration parameter combination. The optimum calibration parameter 
combination used infiltration coefficient and bed friction coefficient values of 0.4 and 0.02, 
respectively (Table 2, Figure 7). 
The model was run 10 times for each representative profile. In each case, random 
statistical seeding of the wave timeseries was used. This maintains the essential character-
istics of the wave timeseries, whilst ensuring that model results were not overly depend-
ent on a particular set of wave input conditions [79]. This was repeated with and without 
morphological updating enabled, resulting in a total of 360 model runs. In addition to 
profile morphology, overtopping volume (volume of water per unit width over the mod-
eled time period) and wave run-up were derived as outputs. Overtopping volume was 
obtained 5 m landward of the pre-surge profile crest. Wave run-up, as commonly ex-
pressed as when the run-up magnitude exceeded two percent of the time, or R2% [80], was 
computed at a timestep of one minute using the run-up gauge output option in XBeach-
G [81]. Run-up values during timesteps where the water level exceeded the barrier crest 
were filtered out because this water level represents the transition to an overwash-
ing/overtopping regime. Using the filtered run-up dataset, R2% was determined by plot-
ting the cumulative frequency distribution of the wave run-up time series and extracting 
the 98th percentile. 
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Table 2. XBeach-G model calibration of the profile opposite Salthouse (close to Profile 16, Figure 1c) through systematic 
variation of free parameters. Assessment of model skill is based on ref [78], the Brier skill score (BSS) can be interpreted 
with a qualifier: 0.8–1.0 = excellent; 0.6–0.8 = good; 0.3–0.6 = fair; 0–0.3 = poor; <0 = bad. Crest height indicates the difference 
between modeled and observed post-surge crest height, where negative values indicate that modeled lowering was over-












Crest height difference 
(m) 




1 0.1 0.02 0.72 =8 −0.81 25 =13 
2 0.2 0.02 0.73 =4 −0.73 20 9 
3 0.3 0.02 0.74 =1 −0.65 17 =4 
4 0.3 0.024 0.73 =4 −0.73 20 9 
5 0.3 0.028 0.71 =11 −0.79 24 =15 
6 0.4 0.02 0.74 =1 −0.57 12 1 
7 0.4 0.024 0.73 =4 −0.63 15 6 
8 0.4 0.028 0.72 =8 −0.71 19 12 
9 0.5 0.02 0.74 =1 −0.60 13 2 
10 0.5 0.024 0.73 =4 −0.51 11 3 
11 0.5 0.028 0.72 =8 −0.62 14 8 
12 0.5 0.032 0.71 =11 −0.63 15 11 
13 0.5 0.034 0.7 16 −0.65 17 =13 
14 0.6 0.028 0.58 34 +0.04 1 =15 
15 0.6 0.032 0.71 =11 −0.48 9 7 
16 0.6 0.034 0.71 =11 −0.46 7 =4 




Figure 7. XBeach-G model calibration through systematic variation of free parameters. Modeled cross-shore profiles from 
the sixteen free parameter combinations are shown grouped by infiltration coefficient (kx) value, subplots (a–f), and col-
ored by bed friction coefficient (bfc). The pre- and post-storm cross-shore profiles extracted from LiDAR are also shown. 
The profiles are orientated left (seaward) to right (landward). 
4. Results 
Sampling cross-sectional profiles along the BPBS reveals how alternative coastal 
management regimes may introduce systemic and enduring alterations to barrier mor-
phological characteristics. Representative profiles derived from LiDAR DTMs before and 
after the December 2013 event reveal systematic differences in barrier characteristics be-
tween the always-unmanaged section and the section managed up until 2005. Profiles 
sampled in the western unmanaged section of the BPBS varied in height between 5–6 m 
ODN, with seaward slopes of 10–27.5 degrees (Figure 2). Profiles sampled from the east-
ern, previously managed section varied in height between 5–9 m ODN, with seaward 
slopes of 10–35 degrees, omitting the deposits around the glacial drift “eye” of Grambor-
ough Hill (near profile 17, Figure 1c) characterized by a crest height >11 m and a seaward 
slope of >35 degrees. Profiles from the unmanaged section were characterized by consist-
ently higher barrier cross-sectional area, with a mean value of 139.86 m2. Profiles from the 
previously managed section had a comparatively lower mean cross-sectional area of 99.01 
m2. Profile 8, at the western end of the managed section, was an outlier, characterized by 
a substantially higher cross-sectional area relative to the remaining profiles from the man-
aged section. 
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Table 3 presents representative profile characteristics alongside observed and mod-
eled morphological responses to the December 2013 surge. Observed morphological 
change reveals that representative profiles from the unmanaged western section were 
characterized by stability or slight crest elevation increase (profiles 5 and 6) and washover 
with landward rollover (profiles 1, 2, 3, 4, and 7), indicative of overtopping and discrete 
overwashing, respectively. This likely resulted from relatively low (<6 m ODN) initial 
crest elevations, low angle seaward slopes (<26 degrees), comparatively large barrier 
cross-sectional area, and moderate to low R2% values (Figure 8). Representative profiles 
from the managed eastern section displayed more varied responses, although with none 
of the natural oscillation between overtopping and overwashing seen in the unmanaged 
section in the period 2005–2014. Profiles 8 and 10 exhibited washover and landward roll-
over (with 0.13 m lowering and no crest elevation change, respectively). Profiles 9 and 18 
exhibited slightly more extreme washover with crest height lowering of −0.60 m and −0.38 
m, respectively. Both profiles intersected with previous locations of washover deposit for-
mation, which likely formed during the November 2007 storm surge [82]. Severe washo-
ver formation, the product of sluicing overwash conditions under high wave run-up epi-
sodes, characterized the artificially steepened profiles 13, 15 and 16, which exhibited pre-
storm crest heights <8 m ODN and barrier cross-sectional area of <80 m2. These profiles 
showed crest lowerings of −2.45 m, −2.61, and −3.03 m, respectively. Profile 11 underwent 
crest lowering of −3.03 m; however, due to an initially lower crest height of 6.61 m ODN, 
this resulted in a post-storm crest elevation below 4 m ODN. This is significant because 
crest lowering to below 4 m ODN also occurred at locations elsewhere along the BPBS, 
where breaches formed following the December 2013 storm surge. Profiles 12, 14, 17, and 
19 showed minimal change during the December 2013 event. These profiles were all char-
acterized by initial heights greater than 7 m ODN and largely maintained their crest ele-
vations (crest height reductions did not exceed 1 m). The modeled R2% values for these 
profiles were among the highest of all profiles, with mean values exceeding 2.00 m in all 
cases. 
The ability of XBeach-G to replicate observed morphological change varied by rep-
resentative profile, with BSS qualifiers ranging from “bad” to “excellent” [78], and RMSE 
values of 0.20 to 0.79 m (Table 3). In this study, XBeach-G successfully reproduced varied 
morphological responses to storm surge conditions, including minimal change, washover, 
and sluicing washover. The model was less successful at reproducing barrier crest accre-
tion and failed to reproduce barrier breaching. Consequently, profile 11, where breaching 
was observed, was excluded from the subsequent analysis. In those profiles where crest 
accretion was observed, XBeach-G tended to overestimate crest lowering, in part due to 
offshore transport of sediment. This may have resulted in an overestimation in overtop-
ping volumes. That said, it is important to note that the post-storm LiDAR was collected 
approximately two months after the storm, during which time barrier crest rebuilding 
may have occurred, whereas the XBeach-G outputs reflect immediate post-storm condi-
tions. 
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Table 3. Representative profiles used for numerical modeling along the BPBS. Barrier profiles and crest heights were 
measured from LiDAR available before and after the December 2013 storm surge event. XBeach-G modeled crest elevation 
change also reported. Barrier pre- and post-storm profiles along with XBeach-G morphological output are presented in 
the Supplementary Material. Barrier cross-sectional area was calculated from the pre-storm LiDAR survey for each repre-
sentative profile. Morphological observations were made using LiDAR data and vertical aerial imagery with attention to 
changes that have taken place since the termination of active re-profiling in winter 2005. For locations, see Figure 1c. ODN, 
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Alongside differences in pre-storm morphology, numerical modeling provided the 
opportunity to interrogate wave run-up characteristics at each of the representative pro-
files extracted along the BPBS. Figure 8 displays modeled R2% for each of the ten model 
runs generated for each representative profile, with morphological updating enabled. Fig-
ure 8 shows that R2% for the unmanaged profiles (representative profiles 1–7) was typically 
lower compared to that of the managed profiles (representative profiles 8–19), with mean 
R2% run-up values of 1.70 m and 2.01 m for the unmanaged and managed profiles, respec-
tively. 
 
Figure 8. Run-up magnitude (m) measured as R2% plotted for each representative profile. Box plots represent the distribu-
tion of R2% values which arise from the 10 model runs performed for each representative profile. Blue and orange shading 
of boxes indicates that the profile originates from the unmanaged and managed sections of the BPBS, respectively. Profile 
11 has been omitted from this figure because the observed morphological change (breaching) following the December 
2013 storm surge could not be simulated. 
Considering the bulk properties of managed and unmanaged profiles enabled fur-
ther interrogation of the impact of management regime on run-up magnitude. Figure 9 
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shows a clear separation in the modal run-up magnitude (as measured by R2%) between 
managed and unmanaged profiles. Run-up on unmanaged profiles had a modal density 
around 1.70 m, while for the managed profiles, this value was between 2.00 and 2.20 m. 
 
Figure 9. Run-up magnitude (as measured by R2%) arranged according to representative profile management regime. Mean 
kurtosis values for the unmanaged and managed profiles were 0.42 and −0.73, respectively. Mean skewness values for the 
unmanaged and managed profiles were 1.00 and −0.73, respectively. 
The run-up distribution for the managed profiles was platykurtic (kurtosis ≤0), in-
dicating greater variation in wave run-up distributions. The kurtosis figure for the un-
managed profiles wave run-up distribution was leptokurtic (kurtosis ≥0), suggesting a 
more consistent wave run-up. This observation helps to explain the more morphologically 
consistent responses to the December 2013 surge. In the managed profiles, the run-up dis-
tribution was moderately negatively skewed (skewness = −0.5 to −1.0), whereas in the un-
managed profiles the run-up distribution was positively skewed (skewness = +0.5 to +1.0) 
towards larger run-up values. 
XBeach-G permits morphological updating to be disabled; therefore, it is possible to 
isolate the contribution of morphological change to landward overtopping water volume. 
Figure 10 displays total overtopping volume modeled for each of the representative pro-
files with and without morphological change enabled. The boxplots capture the overtop-
ping volume from the ten model runs generated for each profile. When morphological 
change was enabled, 16/18 (89%) of the profiles showed an increase in mean overtopping 
volume during the December 2013 event. When morphological change was disabled, 
mean total overtopping volume was underestimated, on average, by 57%. The underesti-
mation was greater on profiles from the previously managed eastern section (74%) than 
on profiles from the unmanaged western section (46%). 




Figure 10. Influence of morphological change on total overtopping volume. Overtopping volume is the volume of water 
per unit width over the modeled time period (m3/m). Box plots represent the distribution of overtopping volumes arising 
from the 10 model runs performed for each representative profile. Unmanaged and managed profiles are indicated with 
blue and orange arrows, respectively. Identical wave input timeseries were used for comparison of with and without 
morphological updating enabled. Profile 11 has been omitted from this figure because the observed morphological change 
following the December 2013 storm surge (breaching) could not be simulated. 
5. Discussion 
5.1. Management Regime Introduces Systemic Differences in Barrier Pre-Storm Morphology 
Focusing on the period 1992–2005, earlier researchers [29] also identified clear differ-
ences in profile morphology—lower crest heights and higher cross-sectional areas-when 
comparing the unmanaged and managed sections of the BPBS. The present study ex-
tended this period of observation, revealing that the interventionist management regime 
affecting this system has been associated with morphological legacies that have extended 
well beyond the cessation of the intervention. The legacy of management endures along 
the BPBS partly because of the relatively steep, energy-reflective beach face, and coarse 
clastic composition of gravel barriers. An appreciation of these characteristics becomes 
highly relevant to coastal management efforts which seek to restore more natural coastal 
processes, because it suggests the existence of a substantial lag between the inception of 
non-interventionist schemes and the realization of benefits arising from a change in man-
agement philosophy. 
The enduring nature of distinct unmanaged and managed barrier sections beyond 
the cessation of active management suggests that termination of the interventionist regime 
alone was insufficient to return the barrier to a pre-managed morphology. Rather, extreme 
hydrodynamic events (in terms of both water level and wave energy) were also required 
here to facilitate barrier relaxation towards a more natural state [83]. The finding that the 
majority of morphological changes have occurred during the extreme events themselves 
places a premium on understanding the impact of such events. 
5.2. Pre-Storm Morphology Influences Morphological Change during Storm Events 
In the absence of human intervention, gravel barriers oscillate between overtopping 
and overwashing in response to the interaction between sea level change and superim-
posed extreme water level events. Overtopping encourages vertical accretion, resulting in 
a steeper, narrower barrier profile which is then more vulnerable to overwashing [10,84]. 
When overwashing occurs, washovers are formed, transporting sediment landwards, re-
sulting in a lower elevation crest, with a lower angled, more dissipative seaward slope. 
This in turn reduces wave run-up during future events, encouraging a resumption of the 
overtopping regime (Figure 11, “natural system”). In the model of ref [85], this interaction 
results in the punctuated landward rollover of the barrier. 
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Both conceptual [86] and empirical studies [20,87–90] have established that the inter-
action between sediment size, slope angle and swash asymmetry determines the wave 
run-up extent on gravel barriers. In this study, alongshore variation in sediment size and 
incoming swash was minimal. As a result, the heightened R2% values recorded along the 
managed section of the BPBS can largely be attributed to steeper seaward slopes. This 
finding corroborates modeling work conducted on the south west coast of England, which 
found that a cliff toe fronted by a sandy dissipative beach experienced less extreme hy-
drodynamic conditions than a cliff fronted by a steeper reflective beach [91]. The steeper 
beach was found to enhance wave run-up and wave power, resulting in higher energy 
conditions at the cliff toe. 
Along the eastern section of the BPBS, the active intervention which continued until 
the winter of 2005 has prevented overwashing up to, and in some places beyond, the De-
cember 2013 surge, disrupting the dynamic equilibrium state of switching between over-
topping and overwashing. Similar behavior has been observed elsewhere, where active 
intervention into gravel barrier morphology has been used in an attempt to reduce land-
ward flooding (e.g., at Porlock barrier, U.K. south west coast [28]). At both the Porlock 
barrier and at Blakeney, the barrier became very narrow, with the artificial increases in 
barrier height and steepness preventing the landward sediment transport which would 
normally occur through washover. Furthermore, following re-profiling, barrier crests are 
positioned in a more seaward location, hence further from morphological equilibrium 
than locations that have already been overwashed. This means that when overwash does 
occur, morphological change is extreme, resulting in severe washover (a generalization of 
these cases is shown in Figure 11, “re-profiled system”). 
Despite the distinctly different behaviors illustrated in Figure 11, observations pre-
sented in this study and others suggest that parts of the barrier can transition from the 
“re-profiled” to the “natural” system. Profiles 8 and 10 derive from the previously man-
aged eastern section, however, both profiles are characterized by pre-storm crest heights 
of around 6 m and moderate slope angles. The characteristics of these profiles suggest that 
they have already undergone substantial reorganization towards a more natural morpho-
logical state, likely as a result of earlier storm surge events [53].  
Elsewhere, a reassessment of barrier dynamics over two decades following the ces-
sation of active management suggest that following a period of readjustment (lasting 
around seven years), the barrier has been characterized by increased stability, as indicated 
by lower/more consistent rates of landward shoreline retreat along the barrier [44]. The 
present study suggests that the entire BPBS has not yet achieved this state of increased 
stability. Continued monitoring is required along the BPBS to determine the number of 
storms required for the previously re-profiled sections to assume a more natural form, 
and the accompanying oscillation between overtopping and overwashing. 




Figure 11. Management regime influence on barrier hydrodynamics and morphodynamics. 
Linking barrier pre-storm morphologies to extreme event responses enables an un-
derstanding of which parts of the barrier are most susceptible to change. Pre-storm crest 
height, cross-sectional area, and exposure to previous storm events are determinants of 
barrier responses to future storm surge conditions. 
In some locations in this study (see profiles 12,14, and 17, which were each character-
ized by crest elevations exceeding 8 m ODN), managed profiles underwent minimal 
change during the December 2013 event, retaining their artificially re-profiled form. As 
elsewhere, the relatively limited response of these profiles suggests that barrier crest 
heights in excess of a given threshold may preclude washover occurrence despite high 
run-up values [92–94]. Such thresholds have been identified for gravel barriers elsewhere. 
For example, observations following extreme event impacts at Sillion de Talbert, Brittany, 
France suggest that crest lowering below the MHWL is critical because it leaves certain 
parts of the barrier vulnerable to high tides in addition to infrequent storm events [45]. 
Alongside crest elevation, barrier cross-sectional area exerts an important control on 
storm response. In this study, profile 19 did not exhibit washover deposition, despite hav-
ing a comparable initial crest height to those profiles which did experience severe washo-
ver. It was, however, characterized by a cross-sectional area of 90.72 m2 compared to val-
ues of <80 m2 for all profiles where severe washover occurred. The proposal that barrier 
cross-sectional area influences landward retreat processes [18,93] builds on early ideas 
from ref [95] where the existence of a “critical barrier width” which exerts an influence on 
overwash occurrence and extent was proposed. Furthermore, it has been suggested that 
overwashing tends to be slow until a barrier narrows sufficiently, after which the rate of 
overwash increases [95]. Where barrier cross-sectional area is greater, hydraulic conduc-
tivity is enhanced, resulting in increased swash infiltration. This limits wave run-up and 
resulting overwash. 
Establishing the existence of such thresholds more generally represents an important 
step in quantifying gravel barrier mobility, and the likely envelope of change during ex-
treme events, in any given local setting. Any such threshold will, of course, also depend 
on storm surge character and local run-up extent for any individual event. 
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5.3. Morphological Change During Storm Events Influences Overtopping Volume 
During extreme events, elevated water levels combine with high energy wave condi-
tions with the potential for severe erosional and flooding impacts [96]. Low-lying mixed 
sand–gravel environments are typically characterized by high erosion–flooding interac-
tions, with the potential to generate increased risk to landward communities [6,97]. 
From a coastal management perspective, landward overtopping volume is problem-
atic when it is of high magnitude (and therefore likely to have a greater erosional and 
flooding impact) or highly unpredictable (which makes it difficult to determine where 
and when risk reduction measures should be implemented [98]). Given that the core aim 
of barrier crest re-profiling has been to limit landward flooding, this suggests that, in cer-
tain locations, barrier crest re-profiling represents a highly effective management strategy 
under extreme hydrodynamic forcing. However, for many barriers, given rising sea lev-
els, and the cessation of periodic re-profiling, questions surrounding the longer-term sus-
tainability of such an approach remain [20]. 
By contrast, unmanaged profiles typically have less pronounced profile cross-sec-
tions than re-profiled barriers. Despite having typically lower pre-storm crest elevations, 
such profiles often exhibit lower overtopping volumes because wave run-up extent is at-
tenuated by the gentler profile forms [99–102]. These profiles are also generally character-
ized by greater consistency in the modeled overtopping volume. This is a potentially val-
uable observation, because barrier morphologies that respond more predictably to storm 
surges and future sea level rise scenarios are likely more amenable to inclusion in coastal 
risk management strategies. 
6. Conclusions 
Along the Blakeney Point Barrier System, exposure to contrasting management re-
gimes up until 2005 has resulted in ongoing systematic differences in the morphology of 
profiles from the western unmanaged section of the BPBS compared to the eastern previ-
ously managed section. The systematic differences in morphology introduce differences 
in wave run up extent, which in turn influences morphological and hydrodynamic per-
formance of the barrier during extreme storm surge events. Profiles extracted from the 
western unmanaged section have been shown to be characterized by lower crest eleva-
tions, low angle seaward slopes, and greater barrier cross-sectional area. These properties 
resulted in reduced wave run-up extents (as measured by R2%), helping to explain the 
morphological response to the December 2013 storm surge, an event that was character-
ized by overtopping and overwashing with limited elevation loss. Along the previously 
managed section of the BPBS, pre-storm profiles were morphologically more variable. Alt-
hough some profiles resembled those found in the unmanaged section of the BPBS, others 
were characterized by higher elevations, higher-angled seaward slopes, and lower barrier 
cross-sectional area. In these profiles, increased wave run-up extents contributed to over-
wash and sluicing overwash during the December 2013 storm surge. 
Insights into storm hydrodynamics hold lessons for coastal risk management strate-
gies elsewhere that seek to utilize gravel barriers for their flood risk reduction potential. 
Through comparing R2% values between the unmanaged and managed profiles, certain 
morphologies emerge as more vulnerable to increased run-up extents and consequent 
morphological and flooding impacts. While high, steep barriers can be highly effective at 
preventing landward flooding; in cases where overwashing does occur, the resultant over-
topping volume is typically higher than would be the case for a relatively lower barrier 
crest with a lower angle seaward slope. 
The large-scale development and stability of any gravel barrier is accomplished 
through the operation of the smaller-scale sediment transport and deposition processes 
described in this paper. At spatial and temporal scales relevant to coastal management 
decision-making, barriers may exhibit behaviors that signify persistence (e.g., lower/more 
consistent positional and/or crest elevation changes) or that indicate potential for rapid 
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breakdown and transformation (e.g., severe washover formation and breaching). Further-
more, this study has shown that where barriers have been actively managed, considerable 
alongshore variability in barrier characteristics may also be present. Incorporating such 
barrier behavior, when assessing the ability of gravel barrier landforms to limit landward 
water flows, is crucial if these features are to be integrated into broader coastal manage-
ment strategies in such a way that they deliver genuine and reliable risk reduction bene-
fits, even under extreme conditions. 
Given future joint-scenarios of rising sea level and increased storminess under accel-
erated climate change, barriers are now facing uncertain futures. At the global scale, mod-
eling which fails to account for morphological change is likely to underestimate landward 
water transport, which may, in turn, lead to underestimates of flooding risk. As this study 
demonstrates, the link between morphological change and landward water volumes is 
especially acute when a previously managed system has not yet experienced extreme hy-
drodynamic conditions, and so is likely to be far from morphological equilibrium. Conse-
quently, strategies that assume that features such as gravel barriers will provide constant 
flood protection throughout the duration of an event are in danger of underestimating the 
impact of severe storm surge events. An understanding of the interdependencies between 
barrier morphodynamics and risk reduction function is therefore critical if barriers are to 
contribute to effective erosion and flood defense over the course of the twenty first cen-
tury. 
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